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ABSTRACT 
Corrugated bodyslde panels are used on many European locomotives but have so far not 
found favour with British manufacturers. Using the locomotive bodyside as a specific shear 
panel application, this thesis compares the behaviour of corrugated panels with plane panels 
using finite element models. 
Initially plane panels are optimised for thickness under specific proof loadcases, using panel 
buckling stress criteria Shear stresses obtained using theoretical predictions from a finite 
element model are compared to the estimated buckling stress for each Individual bodyside 
panel. 
A number of equivalent corrugated sections are then examined to determine their bending 
stiffnesses, which are then compared with theoretical predictions. Comparisons are made 
between the shear stiffness of a plane and corrugated panel, determined by applying loads 
to each model and calculating the shear strains and stresses. The effects of varying the panel 
thickness and of corrugated panels on the structural natural frequency In the vertical mode 
are also Investigated. 
Finally, the cost and detail design Implications are discussed. 
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CHAPTER 1 
Introduction 
There are two main types of locomotive structure. One Is an underframe and the other Is a 
semi-monocoque or stressed skin design. An undertrame Is essentially a low level frame or 
bed on which the heavy components and suspension Is mounted. The superstructure (sides 
and roof) Is largely removable for maintenance or overhaul purposes and is not considered 
to contribute to the structural integrity of the locomotive. A seml-monocoque is able to 
transfer loads throughout the whole structure Including the bodyside panels. it Is therefore, 
lighter for a given power of locomotive. Strictly speaking, the seml-monocoque Is more 
accurately defined as a Wagner beam (a thin web deep section beam) consisting of the 
- solebar Qower beam), the waistrail (mid section beam), the cantrail (upper beam) and a 
number of vertical panel stiffeners. The roof, which may contain hinged access doors, is 
usually omitted for stress analysis due to tts low effective stiffness from the flexibility of the 
batted roof to cantrail joint. lt Is also possible that the complete locomotive wtth roof removed 
may be lifted by crane in a depot However, for natural frequency analysis tt Is necessary to 
at least include the archrails (cross cantrail bracing members) to exclude the unsupported 
cantrall vibration mode from the analysis. 
Currently specifications governing allowable locomotive axleloads are being rigorously 
Imposed In order to minimise track and bridge damage. This means that often a minimum 
weight structure, consistent wtth the strength necessary to wtthstand specified proof loads Is 
highly desirable. it Is the policy of Brush Electrical Machines Umtted that this Is best achieved 
wtth the monocoque option. Conversely In a slow speed freight locomotive it may be 
necessary to maximise weight to gain the necessary tractive effort and an undertrame design 
will usually be the most suttable option. 
The main feature of a seml-monocoque design Is its ability to transfer shear loads along the 
bodyside, thus care needs to be taken to ensure there is an adequate weld run around the 
panels to transmit these loads throughout the structure. Unfortunately, the weld will cause 
distortion which on a large plane area, slight irregularities seriously upset the visual 
appearance. I nvestigationi(at Brush Electrical Machines Umlted have revealed that, on 
average, some £2,000 was spent flattening and filling side panels to achieve an acceptable 
appearance on a typical locomotive. 
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lt has been suggested that if the plane panel areas were to be replaced with corrugated 
panels, the surface area would be visually broken up and any slight Irregularities would be 
less apparent. This would lead to a reduction In rectification work, which would need to be 
offset against the Increased cost of providing the corrugations. Thus the scope for further 
Investigation prompted the current research In this thesis. 
Umltatlons of Analysis 
Only linear analysis was considered, which excludes post-buckling behaviour. Since 
locomotive structures are designed not to buckle at loads up to the proof loadcases, such as 
those considered In Chapter 5, it Is not necessary in this thesis to consider the post buckling 
regime. Mild steel was used throughout, see Appendix A for the properties used. The data 
presented was based on thin plate theory where the panels were considered to be 
homogenous and of constant thickness. The analysis was only concerned with in-plane shear 
forces; out of plane bending was not Included. Ukewise any effects due to Initial out of 
flatness of the panels was ignored. 
A material in which the principal properties are constant in all directions Is termed Isotropic. 
When the properties change with direction the material becomes anisotropic. The special 
case of a material with different properties In two mutually perpendicular directions Is called 
orthogonally anisotropic - usually shortened to orthotropic. Thus a corrugated panel may be 
considered an example of an orthotropic plate. 
In this thesis the term 'equivalent corrugated panel' is used to describe one with the same 
weight as a plane panel. 
Current Applications 
lt only takes a glance through the popular magazines such as the Railway Gazette to see the 
many applications of corrugated bodyside panels on locomotives and rolling stock throughout 
the world. The Australian equivalent of the High Speed Train has corrugated stainless steel 
panels on its coaches. These are unpainted, as on many subway rapid transit units. In 
Czechoslovakia the Skoda Company has recently built a prototype semi-monocoque 
locomotive with swaged panels. The General Motors Class 59 locomotive (which is based on 
the strong underframe principle) has mainly corrugated bodysides. it Is usual practice, for the 
corrugations to run horizontally. This enhances the sleek appearance and avoids a 
locomotive taking on the appearance of a container. Also aerodynamic drag considerations 
favour the horizontal direction. 
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In Great Britain there are currently no monocoque locomotives with corrugated bodysides. 
One reason for this is that the load gauge is more narrow when compared to that used 
elsewhere; the extra width required for the corrugations would have to be taken from the 
already tight equipment compartments Inside the locomotive. Under these circumstances a 
ribbed panel with small longitudinal corrugations to visually break-up the surface would be 
required. The thesis uses the Brush Electrical Machines Umlted Class 60 as an example of 
a typical bodyside design although it Is not Intended to consider corrugated panels for this 
particular locomotive. 
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CHAPTER 2 
Review of Published Work 
The number of books and papers published relating to the behaviour, design and application 
of thin-walled plates now runs Into several thousand, so no attempt has been made to review 
all of this work. 
The first exact solution for the shear buckling of an infinitely long isotropic plate was given by 
Southwell and Skan (1924). They showed that the buckling stress of a plate could be 
obtained from an equation of the form 
K n 2 D 
T 
. ~·--cr=-,Jil 
••.. 2.1 
Where K, is a coefficient which varies with the boundary conditions and aspect ratio a:. lt is 
important to note that 
b 
IX = - ,; 1.0 
a 
.... 2.2 
le b is always the lesser of the two dimensions. The generally accepted values of K, when 
a: = 0 Qnfinitely long plate) are 5.35 for simply supported edges and 8.98 for clamped long 
edges (see for example Rockey 1967). Note also that the plate rigidity is defined as 
D = --!E::..;fl~ 
12 (1-u2) 
.... 2.3 
Later, Cox (1933) summarised the then current knowledge on sheet metal construction. 
Research in this field was stimulated from c1930 onwards with the requirement for more 
efficient aircraft structures that could withstand the faster speeds given bY the more powerful 
engines that were being developed at the time. This became more necessary In the 1950's 
when the wide spread Introduction of the jet engine caused a dramatic increase in aircraft 
speed. 
The problem of the stability of orthotroplc plates due to shear was apparently first examined 
by Bergmann and Reissner (1929 and 1930) and later by Seydel (1930 and 1931). An earty 
practical application of corrugated panels was prompted by the need to relieve strains 
generated within aircraft wings (and missile fins) by the high temperature gradients created 
between the outer skin and the Internal structure at the supersonic speeds. 
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(a) Angle Section (b) Angle Section 
0 
(c) Top Hat Section 
FIGURE 2.1 3 Types of Panel Stiffener and their Effectiveness In 
Edge Restraint Illustrated by the Dotted Une Showing their 
Displaced Shape 
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There followed a huge increase in research and development in the 1960's when the use of 
computers became more widespread, and in particular when the Finite Element Method (FEM) 
of analysis was introduced. 
An early work Rowan and Hackett (1969) examines the elastic-plastic buckling behaviour of 
stiffened isotropic plate structures using finite elements and claims good accuracy compared 
with analytical solutions, particularly when using successively refined meshes. The element 
stiffness matrix used is also included. A glance down the list of references in this work is 
indicative of the intense activity that went into the development of the finite element method 
during this period. 
Developments in both computing power and the FEM have broadened its application until the 
present time, with composite materials being the subject of most of the research in this field. 
Johns (1970) presents a useful and concise review of the work done up to that date on the 
shear buckling of isotropic and orthotropic plates, although results obtained using finite 
elements were scarce. 
Tarbarrok Qn Dawe, 1985) presents results for the buckling analysis of isotropic plates 
obtained using the complementary energy procedure which are then compared with 
computed results obtained using finite elements. A six by six element matrix is shown to have 
converged to produce values of the buckling constant K,. virtually equal to 9.34 for a square 
simply supported plate and 14.71 for a square clamped plate; the former being the accepted 
converged solution of Timoshenko and Gere (1961). 
The Royal Aeronautical Society (1958) data sheets are used by Brush Electrical Machines 
Umited to determine the critical shear stress in flat panels. The locomotive bodyside area is 
divided into a number of discrete areas by panel stiffeners, see Chapter 5, Figures 5.1 and 
5.3. These areas are then assumed to adopt independent buckling behaviour, due to the 
flexural rigidity of the stiffeners. 
Figure 2.1 shows three typical examples of panel stiffener, (a) is the least effective In 
postponing shear buckling but would resist end load or bending moments, (b) and (c) are 
both used on locomotive bodysides, (c) being a torsionally stiffer version of (b) that is also 
suitable for assembly by spot welding. 
The equation used by the R.Ae.S to determine critical shear is 
6 
.... 2.4 
Comparison with equation 2.3 shows that for v = 0.3, K = 0.904 J<,.. it is therefore Important 
not to mix data and equations as the R.Ae.S version uses a differently defined coefficient. A 
short computer program (Appendix D) based on R.Ae.S 02.03.01 calculates the critical shear 
stress In Isotropic panels, with options for the edges to be simply supported, fully clamped 
or a mean of the two conditions. The results of extensive empirical testing by the R.Ae.S 
recommend a mean fiXation condition when the stiffener Is able to exert its torsional rigidity 
on the panel (as in Figure 2.1 c). 
Most published plate buckling data Is presented for the two extreme boundary conditions of 
all edges simply supported (restrained deflection), all edges fully clamped (restrained 
deflection and rotation). 
it should be noted that the R.Ae.S data curves for K are smooth between the two plate 
extremes of square to Infinitely long. This Is an approximation that Is considered adequate 
for most design purposes. In fact a discontinuity occurs In the curves as the assumed 
buckling mode changes from symmetric to anti-symmetric, as may be seen in other similar 
data, for example Rockey {1967, p 253). 
Bell Aircraft {1961,pp 11-15) contains a comprehensive review of orthotroplc plate buckling 
with various geometries and loading configurations. Because of the scarcity of this report, the 
formulae relevant to shear applications have been included In Appendix G, and Appendix E 
contains a computer program based on this data to calculate the overall panel buckling 
stress. 
it Is Important to distinguish between overall and local buckling within a corrugated panel. 
Overall buckling occurs at the critical load for the panel as a whole, whilst local buckling 
occurs In the Individual strips which make up the corrugations. Clearly, if the local buckling 
stress Is the lower value the panel will not reach its full potential in stiffness and strength. For 
local buckling considerations it Is usually acceptable to assume the strips are simply 
supported and infinitely long. The critical stress may then be calculated using the data from 
Appendix D. 
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A much more detailed calculation procedure is contained in ESDU Item 74022 (1974). The 
method used is broadly similar to the Bell report, but the term which allows for the 
suppression of anticlastic bending is omitted (see Chapter 6 conclusions). Anticlastic bending 
is the out of plane distortion of the plate at 900 to the applied moment due to Poisson's Ratio 
effects. Also the expression for the lateral flexural orthotroplc rigidity, 0 2 Is based on the 
section radius of gyration instead of the second moment of area Graphs are presented for 
a range of standard corrugation profiles which enable buckling stress to be calculated without 
resort to the elastic constants. The procedure also included correction for plasticity and 
calculation of the edge restraint factor, although recommendation is made to base design on 
the simply supported value (e = 0). Experimental data Is included which In some instances 
does not compare well with theoretical predictions and therefore the Item Is designated 
'tentative'. This Item is not comprehensive, it is necessary to refer to the 'material 
characteristic' in Item 76016 and the rotational restraint stiffness in Item 73007. 
The Bell Aircraft results have been used herein because of their simplicity and straight forward 
approach. Also the results obtained using finite element models (Chapter 6 of this report) 
show good agreement with the theoretical analysis for the elastic constants; see in particular 
the concluding remarks in Chapter 6. 
Design data is presented by Williams and Aalaml (1979) for various loading configurations of 
flat plates with initial Imperfections, le, out of plane distortions due to the manufacturing and 
assembly processes. In the case of uniform shear stress, data is limited to square plates. 
lt is interesting to compare the maximum stress performance of a virtually flat panel, with an 
initial deflection equal to one tenth of the plate thickness to a distorted panel where the 
deflection equals the plate thickness. At the centre of the panel, the shear stress for the flatter 
panel remains virtually unchanged with a multiplication factor of 1.04, and that for the distorted 
panel Increases by a factor of 1.2. The corresponding maximum deflections are 1t and 2.3! 
respectively. This trend continues until the applied load is 1. 75 times the critical load, where 
the curves cross over and the flatter panel deflects greater than the distorted one. This is 
because the initial distortion interacts with the normal panel buckling modes and the panel 
behaves In a similar manner to an orthotropic plate, with an Increase in the post buckling 
performance strength. 
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CHAPTER 3 
An Introduction to the PAFEC Finite Element Analysis System 
All the FE analysis work was undertaken at Loughborough University using PAFEC software 
and PRIME computers. PAFEC is a comprehensive aii-British suite of analysis programs and 
is installed at virtually every University and Polytechnic in the country. 
The program requires an input file which describes the model and the type of analysis 
required. The input file is created either manually at a tenninal keyboard with an 
alphanumeric display using PAFEC (Program for Automatic Finite Element Calculations) or 
Interactively at a graphics terminal using PIGS (PAFEC Interactive Graphics System). The 
latter is the most convenient method. PAFEC produces a separate manual for each of the 
above. There is also a menu card, Figure 3.1 which lists all the available options, but the 
manual is required for more comprehensive information. Loughborough University of 
Technology Computer Centre has produced its own guide 'An Introduction to Pigs• which 
instructs the beginner in a very readable manner. 
The input file consists of a set of separate data modules each beginning with a header card 
which contains the title. Briefly, a file must contain a CONTROL module which describes the 
type of analysis required, and data modules such as MATERIAL, NODES, ELEMENTS, LOADS, 
and RESTRAINTS which describe the problem. The results of the analysis are available In 
graphical fonn, eg displaced shape or stress contours, and In tabular fonn listing the 
parameters in ascending node number order. Nodes, sometimes called grid points, are 
merely defined points in space which may be used to describe the boundaries of elements. 
One of the most commonly used elements In plane stress and strain analysis is the 
isoparametric quadrilateral element. The tenn isoparametric means that the element geometry 
and displacement are defined parametrically In the same manner; le, the same shape 
functions are used to express both the cartesian co-ordinates and the displacement 
components in tenns of values of the co-ordinates and displacements of the same nodes. 
The isoparametric concept is discussed in detail by Dawe (1984, p 396). 
There are two main fonns of element, membranes and plates. Membranes have constant 
direct stress through the element thickness, whilst with plates the direct stress is allowed to 
vary linearly through the thickness, and In the case of PAFEC elements is calculated at the 
top, middle and bottom surfaces. lt follows that plates may be used to include bending 
effects. 
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In such elements it may be shown that the shear stress in the through thickness direction is 
zero at the two external surfaces and maximum at the neutral surface, with a parabolic 
distribution. The effect of these shear stresses on stiffness is neglected in the elements used 
in this thesis. This is appropriate since the thickness is small in comparison with the leading 
plate dimensions. 
Mesh refinement will cause the thickness to become appreciable with respect to element size, 
but since the solution of the plate equations refer to the original plate dimensions the effect 
of the shear stiffness may be neglected for the elements. 
Both forms of element are available with four nodes (linear displacement field interpolation), 
eight nodes (parabolic displacement field interpolation) and twelve nodes (cubic displacement 
field interpolation). Similar elements are available in triangular form. A combination of 
membrane and plate elements are used for facet shell problems. 
Prior to the start of this research PAFEC introduced a refinement to their four noded shell 
elements by reducing the number of shear strain energy integration points (Gauss points) 
from four to one (at the centroid). Improved accuracy is obtained In the flexural mode as the 
effects of unwanted or 'parasitic' shear which arises from the element's inability to conform 
to higher order displacement fields (see Figure 3.2) are reduced. Sharman presents two 
papers (1987) which provide a detailed assessment of both the PAFEC membrane and plate 
elements and evaluate their accuracy. Whilst the technique in theory can lead to zero energy 
modes such as 'hourgiassing• no such modes were found in the above references or reported 
in this thesis. 
: Forces which include direct forces and moments, are applied to a model at the nodal points. 
Constraints can be described as Implied forces or reaction points, with zero displacements 
! in the chosen directions. A finite element analysis program normally requires that at least a 
minimum number of constraints should be used to prevent rigid body movement, and the 
model is said to be just constrained, le the reactions are statically determinate. If less than the 
minimum constraints are applied then the model is under constrained and a direct solution 
of the structural stiffness matrix is not possible as a zero value on the leading diagonal would 
i . 
' lead to the matrix becoming singular. PAFEC automatically recognizes this problem, replaces 
the zeros with a nominal values of 1.0 e+20 and prints warning messages. This effectively 
' restrains the model and allows the solution to proceed. However it is possible that these . 
: restraints, because they have been chosen arbitrarily by the program in order to effect a 
. solution, may give rise to spurious results and therefore this procedure is not recommended. 
' Other FEA programs such as ANSYS will not allow a solution to commence without a 
minimum number of constraints. Subsequent checking of some of the problems presented 
in this thesis using ANSYS revealed identical results. The calculated stresses Involve 
differentials ofthe displacements which of course eliminate the effect of rigid body movements 
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and therefore such stresses are accurate, at least within the element formulation. However, 
limitations occur due to the number of digits Inherent in a stored value in the computer and · 
thus the procedure is not suitable for earlier machines or single precision first generation 
computers. 
Where a problem has planes of symmeli)', particularly if it Is large or complex, it Is usual • 
practice for reasons of economy to create only a quarter or a half model and apply , 
appropriate boundal)' conditions along the axes of symmeli)' . 
. Most of the models used In this report have at least one plane of symmeli)'. Figure 3.3 shows ' 
a typical procedure which may be used to create these models. The complete single . 
, corrugation model is shown In Figure 3.3 (c). In PAFEC ills necessBI)' to introduce an extra 
node (In this case at the origin) In order to define the plane about which the elements are to 
be mirrored. 
With the current version of PIGS (level 4.1) it Is possible to input forces and restraints 
Interactively before saving it as a data file. it is necessal)' to exit from PIGS and edit the 
control module manually (see Loughborough University of Technology's Computer Centre 
Handbook), in order to specify the iype of analysis required. 
it was found more convenient to create a master data file and Input each loadcase 
Individually, then as problems arose it was more simple to Identify the reason, and if one 
loadcase had to be re-run then time was not wasted running other loadcases. 
lt Is important to note that the default option for units of force and length are Newtons and 
metres in the PAFEC system. However, In this thesis Newtons and millimetres are used. For. 
the natural frequency analyses mass elements were used to represent -items of equipment and · 
the units were kilogrammes. 
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FIGURE 3.3 Three Stages In FlnHe Element Model Creation 
14 
CHAPTER4 
Dlscretlzatlon Tests for Shear Stress Convergency In a Plane Panel 
Before analyzing a structure it is advantageous to consider the mesh density that will optimise 
accuracy with reasonable economy in computer and modelling time. The following shows 
how the same structure has been analyzed using different mesh densities and compares the 
results. 
A representative sample of locomotive bodyside is shown in Figure 4.1. The panel is three 
millimetres thick and the members surrounding each panel represent the solebar, waistrail, 
cantrail and vertical stiffeners, with similar properties to those used in later analyses. The first 
case divided each panel into four elements, ie a mesh size of 2 x 2, the second nine elements 
(3 x 3) and the third sixteen elements (4 x 4). A single shear force of 500 kN was applied 
vertically at the bottom right hand corner of the model for each case. Figure 4.1 shows the 
restraints used to react the applied force. The elements chosen for the panels are PAFEC 
type 36300, which are lsoparametric four noded membrane quadrilaterals with reduced 
integration. 
Table 4.1 shows the shear stresses obtained, averaged over the number of nodes within each 
panel (not on the boundary). lt is apparent that in all the panels, the stresses converge to 
those of the finer mesh density. The 3 x 3 mesh produces results which are consistent and 
virtually Identical to the 4 x 4 and is thus seen to have demonstrated convergence. Results 
from the 2 x 2 mesh are almost as accurate and would be acceptable for a coarser model. 
However, there are other advantages of a 3 x 3 mesh in so far as modelling the complete 
structure Is concerned, ie the extra nodes provide a more detailed stress distribution along 
the beam elements and they can be used to include the triangular gussets which appear at 
some panel corners (see Figure 5.1). 
lt is also interesting to compare the average shear stresses from the model with a vaw 
derived using a simple hand calculation. As an approximation, assuming the panel takes the 
whole shear force the average shear stress is 
500 X 103 
6000. 
= 83.3 N/mm2 
With reference to Table 4.1, it can be seen that in most cases the stresses are higher in the 
lower panels than the upper panels. This is most likely due to the effects of shear lag as the 
force has been applied to the lower beam of the model. 
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The average panel shear stress in the whole model is 76.4 N/mm2, which is 91.7% of the 
above value. However, the shear stresses In the two left-hand panels (A and F) are 
significantly lower than the adjacent panels. This is most likely due to the local influence of 
the boundary restraints. Omitting these two panels increases the average shear stress to 80.8 
N/mm2, or 97% of the hand calculated value. This is a more realistic value, as it was assumed 
fnuo>ec.>o<l<' 
initially that the,~.stiffeners did not take any of the shear load. To conclude, it has been shown 
(Table 4.1) that shear stress values converge as the mesh density increases. This is more 
clearly seen in the table by showing the shear stresses for each mesh density relative to the 
finer mesh density tf{r4 x .J · 
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CHAPTER 5 
Panel Thickness Optlmlsatlon Applied to a Locomotive Bodyslde Model 
A locomotive superstructure framework Is shown In Figure 5.1. From this a two-dimensional 
half bodyside model was created, using PIGS. The model consisted mainly of two element 
types, the lsoparametrlc quadrilateral membrane (36300) and the simple one-dimensional 
-beam (34000). Symmetrical boundary conditions were applied at the vertical centre-line. As 
stated In the Introduction, the bodyside may be considered as a deep-section thin-web beam 
in which the two outermost horizontal beams (cantrail and solebar) transmit the axial and 
bending loads and the web (side panels) transmit shear loads. The purpose of this analysis 
was to load the model and examine the shear stresses In the panels over a range of 
thicknesses. Three standard metric sizes were considered; 2, 2.5 and 3 mm thick. 
Two separate proof loadcases were applied. The 1.1 g lift case Involved the model being 
supported at its lifting point with the bogie attached and the whole vehicle subjected to a 
downward acceleration of 1.1 g. The loaded model is shown In Figure 5.2(a). Symmetrical 
boundary conditions were applied at the centre-line and a vertical restraint was included at 
the lifting point. 
The second loadcase would involve the full vehicle sustaining a compressive load of 2,000 kN 
at the buffer positions, and hence the loadcase is called 2,000 kN buff, but as this is a quarter 
model, the load applied was 1 ,000 kN, and symmetrical boundary conditions were applied at 
the centre-line. The model was supported vertically on two spring elements, each of stiffness 
979 kN/m, which are the same stiffness as the vehicle secondary suspension. This was to 
model the effect of a locomotive body supported on a bogie. The other end of each spring 
was grounded by applying restraints in all directions. 
The displaced shapes for the two cases are shown In Figure 5.3. Note that the vertical scales 
have been considerably magnified. The large rigid body vertical displacement seen In Figure 
5.3(b) was due to the static deflection of the spring elements. 
The shear stresses obtained from the above loadcases, for each panel thickness are shown 
in Figure 5.4. The stresses are the nodal averages of all the values recorded within each 
panel boundary. 
The next stage was to compare the shear stresses with the panel buckling stresses, 
calculated using the computer program (Appendix D) based on RAe.S Data Sheet 02.03.01. 
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The output listing is shown In Table 5.1. Actual shear stress is divided by buckling stress to 
obtain a ratio which exceeds unity when buckling occurs. These results are presented In 
Figure 5.5. Note that the bodyside panels are welded to the structure and therefore the edge 
restraint used is a mean between simply supported and fully fiXed. 
Figure 5.5 defines the shear stress ratio as the average shear stress In each panel divided by 
the buckling stress. lt Is clear that the lift case Is the most severe, with thirteen of the 2mm 
panels buckling compared to nine for the buff case. With 2.5mm panels these figures reduce 
to seven for the lift case and fiVe for the buff case and similarly with 3mm panels the figures 
are three and two. Clearly to avoid buckling the two thinner panels are unsuitable and the 
3mm would require extra stiffeners to reduce some of the panel sizes. On this basis the 3mm 
panel was used as the datum for subsequent analysis. 
For manufacturing reasons a 3 mm panel is preferred as there is less distortion due to heat 
during welding. However, following this analysis Brush Electrical Machines Umited was 
awarded a contract to supply one hundred of these locomotives to British Railways, 
designated the Class 60. The bodyslde panels were reduced to 2.5 mm as part of a weight 
reduction exercise. To compensate for this, extra vertical stiffeners were added along the 
bodysides. Thus there is a fine balance to be achieved between reducing panel thickness 
and adding stiffeners to optlmise weight, strength and ease of assembly. Also, as the two 
loadcases considered are proof cases, a small amount of buckling is acceptable as when the 
load is removed the panel would most probably return to its original shape. In practice this 
is best avoided (or minimised) as the manufacturing processes cause the panel to distort 
initially, which would increase the likelihood of residual buckle. 
The first fundamental in-plane natural frequency of the bodyside model was determined for 
the three panel thicknesses, Table 5.2 (the second and third vibration modes for the 3mm 
panel were also used in Chapter 7 to compare them with an equivalent orthotropic paneQ. 
The results show an expected Increase In frequency as the panel thickness Increases. 
However the magnitude of the frequency change Is only 1. 7% compared with a 50% increase 
in panel thickness (from 2 to 3mm). The two effects here are that the first natural frequency 
excites primarily a bending mode, with only local shear where structural discontinuities 
appear. Therefore changes In panel thickness (le shear stiffness) affect the frequency only 
to a small extent. The panels also contribute to the bending stiffness because of their 
membrane stiffness but this contribution Is small since the large cantrail and solebar sections 
provide the greater contribution to the bending stiffness. 
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TABLE 5.2 
First Fundamental Natural Frequency Compared to Bodyslde Panel Thickness 
2.0 8.78 
2.5 8.88 
3.0 8.93 
lt was necessary to restrain the model to allow only the required vibration modes to be 
calculated (Figure 5.6). 
For example:-
REST 
NODE 
1 
1 
25 
c 
PLAN 
0 
2 
0 
DIRE 
15 
2 
15 
allowed only In-plane deflections which were symmetrical. In order for the anti-symmetrical 
modes to be calculated it was necessary to allow rotation at the axis of symmetry, ie:-
REST 
NODE PLAN DIRE 
1 0 3 
1 2 2 
25 0 3 
c 
The calculated frequencies are stored in ascending order at the beginning of Phase 7 of the 
PAFEC solution files. 
Further results for vibration analyses are given In Chapter 7. 
21 
! 
I 
I 
I 
lL'/ 
PLAN 1'1EW Af 
(AH'IIIAlL l£'£~ 
1110 ,,, 
11 
I !!' 
~ 11 
' 
' 
- JT\ K -
.•·•. ! H 
·- \ 
Z610 
T 
I 
I Trian ular g 
Gussets 
11111 
T I 'M' ! I uel • r .. ,_, -· ,.· 
-
' t.! l ~ ' .. i ; 
! - " ... " ~I 
: I ~\ r\ r\ i i loO'\ I ~ i 
I 
.... r 
' 
I ~ V I· L ' 
T \l:jj I. 
,,\ ... ., 
az·.;, 
---·-- ---· ·---· 
L--· 
i 
~ 
I 
---t- [ 
T I 
• i 
r 
I FIGURE 5.1 
Diesel Electric Locomotive Structure Arrangement 
Ill I 1-
~-· ·-
I . 
I 
I 
. I 
.. 
--- ~ t r ?·6KN 
7 ·2KN 
............... ----·-·· .. --------· .. -.. 
UDL 6·9S KN/M 
~ !M\ UDL 6·6 . \ ·---~ 
~ t j J t t l 
64·8 KN 169S SI·8KN 48·6 48·6KN 64SKN 
X2 
Figure 5.2(a) Half Model Idealisation of a Locomotive Bodyslde 
Showing Loads and Restraints for 1.1 g Uft Load case 
. n. 
~~ 
., 
,. ~ l t ' 11 . 1' IOKN) ;:.. 
X2 
. -r----------· ............... --
: b~~eo PAFWOR 
: ON el ... eJ,89 AT 9 2 HOu~s I 
L_ ___ --- --'------
-----
VIEV FROM X •0.0000 
y • 1 .000 
z •8.00110 
L, 
Y AVAT FROM VIE\'ER 
.·• 
-··~··. ···---WHOLE STRUCTURE ORA\o'N 
CRAVING NO. 
SCALE • 02900 E-1 :I 
~-· ·-
. !/. 
UDL 6·?2K~ 
• 
. .. ~ 
1 ,.]'""'-
., 
IOOQ 
~ 
UDL 6KN ~ " \ ~ ·~ ··-· 
----- t .~ ·~- • ~ t ~ '-KN ;,t969 KN/M EACH. t 7;7 1- . ?·27KN 44·1SKN Z·Z?KN 9·ZKN ~ -
·S?KN xz xz ...... 6 xz 
. i. 
Figure 5.2(b) Half Model Idealisation of a Locomotive Bodyslde 
Showing Loads and Restraints for 2000 kN Buff Loadcase 
. -r----------- ................ --
1 &~!OOCEO PAFIIOR 
: ON 03 .... 03,89 A.T 9 2 HOURS I 
L_ ___ --- _L. ----
-----
VIEV FROrt X •0.0000 
Y • 1 .em 
z •0,001')() 
L . 
Y A'iA.Y FROM VIEWER 
.~. 1----- ........ ----
VHOLE STRUCTURE ORA\IN 
DRAWING HO, I 
SCA.LE • 02900 E-t : ~ 
ORAWI~G TYPE• I 
TITLt!l• CLAII 11 lOCOnOTI¥1! noOEL VITM 3""' I'AMEL t olt LI~T CASt! 
m~r 
Vlh' 1'111011 X •1.-
To 11 •• 
z ..... 
... 
. . L Mul 17\ISJI·!-lt-!ftltllllllll~--- Y AVAT RIOrl ¥11!\9 
··-... ,, ••••••••• :•ooooooooooo 
••• -... • •••••••••••• 0 •••••••• 
• • • • • •• • 0 •• ::: 0 •••••••• 
• • • • 0 ••••••• 
. 
FIGURE 5.3 (a) Displaced Shape Under 1.1 g Uft Load case 
...... ""'. 
' OIII'UCEO ttW'f ~~c.. oonm 
SCALE Cl' OISI'\..ACEriEHTS • 
IIIS<fH • ~lfS..OI 
vtC1L.E SIRUCTUE -~ 14 DEPI!Ett IN fRONT • CIROEII 
~f0 PAFVOR I d '•' 2r! :.,s "'' s,e m. OIWIINI M), ' 
' ' 
1."1\'i"""- SCALe. 116871! .. " OH ll,t:-'81 AT 110 ~ OII:AVIff$ Tff'£-
' 
Tlft.E t• CLASS CO LOCOnOTJII't! nOOfL ll'lfK :Inn I'AMt!l 2111 ICN IUI'fll CAll! 
m~l8L 
Ylt!¥ Htln X •I.-,. 
"·· Z••·-
M 11111--ll!SN 111111111111111111~ L 'r A'IAY RIOrl II'IE\19t 
······· .............................. 
• 0 0 •• .. •• • 0 ••••• 0 •••••• 0 • 0 0 •• 
::::: :: •• Jo•••••••••:l••••••oo••••••••••••••••:•• 
FIGURE 5.3 (b) Displaced Shape Under 2000 kN Buff Loadcase: 
LOAD CASl • 
' 015f'UCEO stW'E tKOWK DOflfO 
ICAU! 01' OISI"''...oCEnEN • 
.,.,.,. 
"''""" 
11tt0U lfRUCn.M -~ AI IEFIMEO IN FltOKto CltDflt 
W-""" PAFWOR 1 I ...• 2,. :., ... , •• ,. m. OII:AVIHG M:lo ' 1."1\'i"""- SCAU! • 111W7 E .. " "" .,,12-97 AI 17$5 .... ' ' OII:JIVIHG fn't!:• ' 
-------
25 
... .... 
" 
:l .. • 40.? 25.) ·32.5 '32.4 )1.7 28.) 20.7 56.7 28.? ).p )).? )).1 2?.7 21.8 Z.5nm 
67.5 34.3 36.7 35.8 34.8 31.4 23.2 2 .... 
' 
I 
:J 53.2 42.0 16.6 .18.1 1 B. 7 15.7 1).2 I 61.4 47-.? 18.4 18.8 17.2 16.0 n.5 I 72.8 56.2 21.4 1?.? 1?.8 20.S 13.7 2m • 
" 
.. • ' 1\) 
Cl) 
CASE 1 1.1g LIFT 
• ' " 
?.!; 
·l.O 6.2 ?.3 14.0 21.3 
"" 
i 
10.4 ''4;) •7;4 10.8 15.8 2).3 2.-
11.6 '·7.8 '?.6 10.8 18.3 26.1 2101 
55.4 43.4 40,0 )5.7 30.4 )0.2 ,_ 
62.2 ~6.:1 41.3 37.0 31.7 
"·' 
2~~ 
71.4 49.5 4).4 38.4 ll.4 ll.4 2M ~ 
• 
• • • ' • • • 
' CASE. 2 2000kN BUFF 
j;_1.0CO 
FIGURE 5.4 Class 60 Diesel Electric Locomotive Panel Shear 
Stress (N/mm") for 2, 2.5, 3mm Thick Panels 
... ... • ... 
" 
" 
I 
... ... ... .... ..., ... . ... 
= 1•07 ... 1•0 .. I•OZ .... ... MP'I't 
1•11 ,.,. 1•7Z . ., .. ,. .... 
'"" 
, ... .... . .. .... ... ... . ...
1-11 ... .,., .,.. ... ... 2$1111 
~ .. . .. . .. ... ., .. , 
'"" 
~ 
.. .. 
" • • 
~ CASE 1 1.1g LIFT 
" 
... .., .... .. .. ... .... .... 
'"" i .... 0·1· ..... ,, ... .. ,. .... . .. ... 
.... .... .... ... ... , . ., ·~· '"" 
' 
.... .... , .. , Ht .... ..,, ... . ... 
... Z·10 ... 1•11 ... ... 
-
Z.'lil111 
... it·n .... .. .. ... , . .. .... 
'"" " 
r 
• .. 
" " 
... 10 • • • • • ' .. 
CASE 2 2000 kN BUff I I 
r ""• • • • • 
_(LOCO 
IUTIO-.t.YfltAGt SfVA mas Ill I'Nitt. F'Oit I'Mt:L fHICocstSU·'I,1 
"" 1'/oi'C.IIUCJCIJ!tG STRtSS 
FIGURE 5.5 Class 60 Diesel Electric Locomotive Panel Shear Stress Ratio 
~ 
L._ __ -..L_.i.,__IL _ __;_-li---'L--~ 1 ~ .. 
a) Restraints for Symmetrical Modes 
{ see Fig 7.4 {a) & {c) ) 
b) Restraints for Asymmetrical Modes 
{see Fig 7.4 {b) ) 
'-_/ 
Figure 5.6 Restraints for Natural Frequency Analysis 
{ out of plane dlsplacements were also suppresaed ) 
28 
TABLE 5.1 
Flat Plate Buckling Stress Analysis for Class 60 Bodyslde 
811 577 .711 8.75 22.1 
811 600 .740 8.92 20.8 
811 640 .789 9.23 18.9 
811 690 .851 9.65 17.0 
979 577 .589 8.09 20.4 
979 600 .613 8.21 19.1 
979 640 .654 8.42 17.3 
979 690 .705 8.71 15.4 
811 577 .711 8.75 34.5 
811 600 .740 8.92 32.5 
811 640 .789 9.23 29.6 
811 690 .851 9.65 26.6 
979 577 .589 8.09 31.9 
979 600 .613 8.21 29.9 
979 640 .654 8.42 27.0 
979 690 .705 8.71 24.0 
811 577 .711 8.75 49.7 
811 600 .740 8.92 46.8 
811 640 .789 9.23 42.6 
811 690 .851 9.65 38.3 
979 577 .589 8.09 45.9 
979 600 .613 8.21 43.1 
979 640 .654 8.42 38.9 
979 690 .705 8.71 34.6 
29 
CHAPTER 6 
Flnhe Element Method Applied to a Corrugated Plate for Orthotroplc Flexural Rlgldltles 
01, 0 2 and 0 3 and Estimation of Overall Buckling Shear Stress 
The purpose of this exercise was to Investigate the Finite Element Method (FEM) as a means 
of obtaining the two plate bending rigidUies 01 and 02 and the torsional rigidity 0 3• Initially 
a single symmetrical trapezoldal corrugation, shown In Figure 6.1 and later equivalent 
alternative sections (see Appendix C) were analysed and the results compared with theoretical 
values (Table 6.2). The elements are PAFEC 44300; four noded isopararnetric thin shells with 
out-of-plane bending capability. The same model was used to find all three values for each 
section. 
The following expressions, Bell (1961) may be used for the plate rigidUies (see Chapter 2):-
Efl ~ lo • D 
12 (1-ul!j s 
Orthotroplc Flexural Rigidity 0 1 
This represents bending about the y·axls (Figure 6.1 a). 
With reference to equation 6.1 and Figure 6.1; 
/0 = half wavelength of corrugation = 70 mm 
s = developed length of /0 = 82.4 mm 
t = plate thickness = 2.5 mm 
gives: 
01 = 254 x 10
3 Nmm 
Note that this value is for a single corrugation of unit width. 
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•••• 6.1 
Orthotroplc Flexural Rigidity 01 using the Finite Element Method 
From simple bending theory for a simply supported beam of length a with an applied moment 
of M at each end the slope at each end is given by 
M a 
cl>= 2EI 
.... 6.2 
Substitution I • bt' (Figure 6.1), replacing E with E to allow for the suppression of 
12 1- u2 
l 
antlclastic bending and noting that 01 = ..2.. 0 the orthotropic plate rigidity is given by: s 
•.•• 6.3 
The computed value of cl> (from the FE modeO applies to the rotation of each end of a 
corrugation of total developed length 2s, therefore 2s Is substituted for a In equation 6.3. 
M/0 Thus, 01 = - •••• 6.4 cJ>b 
1 or, 
M~ 01 =--2wb .••• 6.5 
· based on the deflection w at the centre relative to the ends. 
·. Opposing bendiri-!fiiioments with a nominal value of :t5 Nm were applied at all nodal points 
: along the two straight edges. The section was thus in equilibrium and additional restraints 
: were not applied. A rigid body rotation occurred in the solution, which although undesirable 
' the effect of this was eliminated by using the deflection relative to a line between the end 
nodes in the following calculations. Therefore the relative rotation (and central deflection) 
' correspond to the above equations. The deflected shape is shown in Figure 6.2. The method 
: of allowing rigid body movement could have produced significant errors, p~rticularly if the 
movement was large compared to the deflection. However this example was repeated at a 
later date (using ANSYS) with the model just restrained and the solution produced identical 
results (see page 10). 
With /0 = 70mm 
b = 100mm 
M =55 X 103 Nmm 
<!> = 155.5 x 1 o.:~ Radians 
and w = 5.41 mm 
0 1 = 248 x 103 Nmm based on slope at ends (<!>) 
or 0 1 = 249 x 103 Nmm based on deflection at centre (w) 
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Orthotroplc Flexural Rigidity 0 2 
This represents bending about the x-axis Figure 6.1 a and using equation 6.1 gives: 
Where I. Is the second moment of area per unit width of the corrugation about its neutral 
axis. For the single corrugation of width a shown In Figure 6.1, 
I • _g [tc'sin2 e + dth2] 
• a 12 4 
= 241 mm3 
:. 02 = 50.4 x 10
6 Nmm •• -. 6.6 
Orthotroplc Flexural Rigidity 02 using the FlnHe Element Method 
The initial problem to be solved was how to apply uniform bending moments along the 
corrugated edges and thus deform the model about an axis perpendicular to that for 01• 
Preliminary attempts were made applying equal and opposite forces along the top and bottom 
edges of a stiff plate modelled across each end of the section, but this resulted In values for 
02 30-60% higher than the theoretical figure, due to the interaction of the stiff plates 
preventing the unrestrained deflection of the corrugated model. 
lt was then decided to adopt an alternative strategy; instead of applying moments and 
recording deflections, deflections were given which induced bending moments. This was 
achieved using the PAFEC DiSPLACEMENTS.PRESCRIBED module. Nodal points at each 
end of the section above the neutral axis were compressed by 1 mm, and those below the 
neutral axis extended by 1 mm. The overall effect was as if a uniform bending rotation had 
been applied at each end (Figure 6.3b), which approximates to the assumption that plane 
sections remain plane during deflection. 
The forces acting at the displaced nodes were obtained by inserting REACTIONS in the 
CONTROL module. The reactions are stored in PHASE 7 of the PAFEC solution files. 
They were summed and multiplied by their distance from the neutral axis to produce the 
effective applied moments (Figure 6.3a). 
- - -· - - -
In common with the method used to determine 0 1 the model was in equilibrium under the . 
reactions to the applied displacements and additional restraints were not applied (see page 
1 0). However, lateral (x-direction) restraints were applied along each of the edges parallel to 
: the y-axis to prevent cross- sectional distortion during deformation and thus to simulate the . 
presence of adjacent corrugations In a larger plate. 
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The mean angular and vertical displacements of the ends relative to the centre are denoted 
cjl and w respectively and shown In Figure 6o3bo 
For a simply supported beam of length b with a moment M applied at each end, 
Mb 
4> = 2EI and 
Mb2 
W=--
8EI 
From the expression D2 = El. where I = ! we obtain, 
• B 
M.Jr and D2 = --8wa 
From the results, 
this gives, 
F = 709o6 kN 
cjl = 94o 1 x 1 o.a Radians 
w = 2o28mm 
M = Fh 
h=20mm 
b = 100mm 
02 from cjl = 53o9 x 106 Nmm 
02 from w = 55o6 x 1 06 Nmm 
Torsional Rigidity 03 
This represents the out of plane torsional stiffness (see Figure 6o4)o 
With reference to equation 6o1 : 
D. = 209 X 1ol X 2o53 [ 0o3 X 70 70 + 82.4 l 
3 12 82o4 + 2x70x1o3 
03 = 300 x 1ol Nmm 
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0 0 0 0 6o7 
0 0 0 0 6o8 
Evaluation of 03 using the Finite Element Method 
The method used here was to restrain three corners of the model in the vertical direction only 
and apply a vertical deflection of 1 mm on the fourth, using the DISPLACEMENTS. 
PRESCRIBED module. Inserting REACTIONS in the CONTROL module resulted in the vertical 
reactions P appearing in PHASE 7 of the PAFEC solution files. The mean value of P was 
34.72 N (Figure 6.4). Although a mean value was used this was hardly necessary as the 
variations only occurred after the decimal point. 
From the standard torsion equation 
where 
Let 
cl> = Tb 
GJ 
Gm E 
2(1 +1l)' 
<I> = 3 P a b (1 + u) 
E sf' 
J = 2sf' 
3 
B Ef' u/0 10+5 D3 =-- where B=- + 12 s 2/0 (1 +u) 
Substituting for E in terms of 03 and noting that cJ> = w , a 
with B = 1.0922 
a = 140 mm 
b =100mm 
s = 82.4 mm 
w = 1 mm 
and P = 34.72 N 
D = PB a2 b (1 + u) 
3 4sw 
0 3 = 293 x 103 Nmm 
· The results from the foregoing analysis are summarised in Table 6.1. 
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.••• 6.9 
..•. 7.0 
.... 7.1 
••.. 7.2 
Note that this result is comparable with the theoretical value obtained from Bell Aircraft (1961). 
Using the earlier result from Seydel (1931) (see Chapter 2) produces a lower value of 246 x 
103 Nmm. 
FEM Applied to Alternative Sections 
The next stage was to Investigate the properties of different forms of corrugation, le 
rectangular, circular arc and triangular. Models were created using the same developed 
length, plate thickness and element type as previously. The meshes are shown In Figures 6.5 
to 6.8. 
There are now a number of computer programs available, produced by independent software 
companies, for use on a Personal Computer (PC) to calculate properties of sections, stresses 
In beams, etc. One such program called THINWALL which calculates the properties of thin 
walled sections was used to calculate the properties of the above sections, and output listings 
are Included In Appendix C. These properties were used to calculate the orthotroplc flexural 
rlgidities. 
The sections were loaded In a similar manner to that used for the trapezoldal model, and the 
results are summarised in Table 6.2. it is noted that the flexural rigidities 0 1 and 03 are 
Identical for sections of the same developed length and thickness. For non-symmetrical 
sections such as the circular arc and triangular models, the prescribed displacements were 
graded at nodal points proportional to their distance from the neutral axis, so as to 
produce the effect of a plane section. it was also noticed from the results that the 02 values 
from the two non-symmetrical models were less accurate than those from the symmetrical 
models. This may be because there were not any nodes on the neutral axis, (in the case. of 
the circular arc and triangular models) and the values for vertical displacements had to be 
interpolated between the adjacent nodes, whereas for the trapezoldal and rectangular models 
averaging occurred between nodes on the neutral axis. 
Further tests were performed to examine the effect of completely suppressing anticlastic 
bending In the trapezoldal corrugation model when under the action of applied out-of-plane 
moments to determine 0 1• This was because some methods of analysis (see Chapter 2) do 
not include a modified E value (in the expression for 0 1) to allow for the suppression of 
anticlastic bending. Excluding this modification yields a theoretical value for 0 1 of 231 x 10
3 
Nmm, compared with the modified value of 254 x 103 Nmm. The value from the FE model of 
249 x 103 Nmm is 98% of this later figure. When additional restraints were applied to prevent 
all nodal out-of-plane rotation perpendicular to the applied moments the value of 0 1 the F E 
model gave was equal to the theoretical value of 254 x 1 03 Nmm. 
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The analysis has therefore revealed that this particular corrugation is: 
249 - 231 X 100 
254- 231 
= 78% effective in suppressing anticlastic bending. 
Similarly results for the rectangular corrugation model show an effectiveness of 56%, which 
explains why the analytical results for this model are slightly lower. 
Estimation of Shear Buckling Stress 
Table 6.3 compares the shear buckling stress of the four corrugation sections used above 
with an equivalent Isotropic plate. The predicted buckling stresses for the corrugated panels 
exceed the yield stress of 120 N/mm2 showing that the corrugations effectively prevent 
buckling. 
Conclusions 
it has been shown that the Finite Element Method can be used to determine the three 
orthotropic flexural rigidities of an arbitrary corrugated model. 
The accuracy of the theoretical value for 01 Is dependent on the inherent capability of the 
corrugation to suppress anticlastic bending. Where a particular form includes large (and/or 
thin) plane regions suppression will be significantly less than one which contains shorter 
thicker sections. it should, however, be realised that these variations do not significantly affect 
the buckling stress expression (included In Tables 6.1 and 6.2- see Appendix G) which Is 
dominated by the value of the large 02 constant raised to the power three. 
The results were consistent for the torsional constant 0 3• 
In the trapezoldal model analysis it Is not clear why there was a greater variation between the 
constant 0 2 calculated using linear displacement w and that using the angular displacement 
ell (Table 6.1). Further Investigations would be required, Involving refining the mesh and using 
higher order elements to see if the discrepancy prevailed. The greater variation 
between the theoretical and analytical values for 02 Is most likely due to there being only two 
nodes on the neutral axis from which to take displacements. A larger model with more 
corrugations should produce more accurate results. 
The presence of corrugations In a plate significantly Increased the buckling shear stress, 
compared with an equivalent Isotropic plate. 
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TABLE 6.1 
Summary of ResuHs for Orthotroplc Flexural RlgldHies 01, 02, 03 applied to a Single 
Trapezoldal Corrugation Model. The Units are Nmm. 
D, 254 X 103 248 X 103 249 X 103 0.98 0.98 
02 50.4 X 106 53.9 X 106 55.6 X 106 1.07 1.10 
Ds 300 X 103 293 X 103 0.98 
4-Jo, . 0: 13.4 X 106 14 X 106 14.4 X 106 1.04 1.07 
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TABLE 6.2 
Summary of Results for Orthotroplc Flexural Rlgldltles 0 1, 02, and 03, Applied to 
Rectangular, Circular Arc and Triangular Corrugated Models 
Results are calculated using the linear displacement w. The units are Nmm. 
D1 254 X 103 244 X 103 0.96 
D2 21.8x 106 22.67 X 106 1.04 
D3 300 X 103 292 X 103 0.97 
4fo1- 0: 7.17x106 7.30 X 106 1.02 
D1 254 X 103 248 X 103 0.97 
D2 67.4 X 106 55.9 X 106 0.83 
Da 300 X 103 293 x 1aa 0.98 
4fo1- 0: 16.7 X 106 14.4 X 106 0.86 
D1 254 X 103 247 X 103 0.97 
D2 68.9 X 106 59 X 106 0.85 
Da 300 X 103 284 X 103 0.98 
4/o1- 0: 17 X 106 15 X 106 0.88 
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TABLE 6.3 
Estimation of Buckling Shear Stress for a Simply Supported Isotropic Plate Compared 
with Trapezoldal, Rectangular, Circular Arc and Triangular Forms of Corrugated Plates 
Orthotroplc flexural rigidtties are taken from Table 6.2, the buckling stress Is calculated using 
the program in Appendix E. 
The equivalent Isotropic Plate has dimensions 840 x 600 x 3mm, the buckling stress is 
calculated using the program in Appendix D. 
Ail untts for buckling stress (TJ are N/mm2 
Isotropic Plate 6.6 34.7 
Trapezoidal Form 11.9 3.5 514 
Rectangular Form 7.8 3.6 283 
Circular Arc Form 13.8 3.45 631 
Triangular Form 13.9 3.45 642 
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CHAPTER 7 
Corrugated Steel Panels Applied To Locomotive Bodyslde Model 
This chapter describes how the in-plane shear stiffness characteristics of a section of 
corrugated panel were determined, and then by selecting suitable PAFEC ORTHOTROPIC 
elements In place of the ISOTROPIC elements used previously, the overall effects of 
corrugated panels on a locomotive structure were analyzed. 
A typical section of bodyside panel 600 mm wide by 980 mm deep and 3 mm thick was 
modelled with a mesh division of 8 x 14, initially using four-noded isoparametric 36300 
elements. Substantial beams were added around the perimeters of section properties which 
corresponded to a 150 x 150 x 1 0 mm Square Hollow Section, In order to maintain a state 
of pure shear In the panel. The corners were effectively pin-jointed using the HINGES 
module. 
In order to determine the most accurate method of loading the model, and of recording 
displacements, an isotropic panel was modelled to produce a value of the Shear Modulus, 
G which should compare with the value used by PAFEC for mild steel of 80.4 GN/m2• In all 
· cases the model was held in equilibrium by the applied LOADS and resulting couples, see 
1 Table 7.1 and figure 7.2, although it is understood that this method could have resulted In 
. significant errors (see page 1 0). Several different loading configurations were applied, for 
example loading either the corners or the mid panel nodes and recording the displacements 
at both the corners and the mid panel nodes. The eight noded isoparametric element type 
3621 o was also considered. In order to restrain rigid body motion a single y direction 
restraint was applied to one mid panel node, although this was only required when using the 
3621 0 elements. The vertical applied load of 1 MN was chosen arbitrarily, and the horizontal 
load calculated to maintain rotational equilibrium. Although the resulting shear stress of 340 
N/mm2 Is high, this does not present any problems with a linear analysis. Shear strain Is 
calculated from:-
du dv y =- + - •••• 7.1 dy dx 
Yt refers to the shear strain calculated from the above using dlsplacements recorded at 
nodes positioned on the middle of each panel side and (y comerl refers to the same using 
displacements recorded at the corners. 
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The results are summarised in Table 7.1 from which it can be seen that:-
1. Applying half each load at each corner (case 3) was equivalent to applying the full 
loads at the corners (cases 1 and 2). 
2. For 36300 elements the error in the calculated value of G is halved when loads were 
applied at the corner nodes and displacements recorded at the mid-side node (and 
·vice-versa). 
3. The greatest accuracy was obtained with the 3621 0 and 36215 elements when the 
above method of displacements measurement was used. 
From the above, it is clear that it is irrelevant whether the model is loaded at the mid-side 
nodes or the corners, provided that displacements used are those at the non-loaded 
positions. The reason for this may be derived from the net displacement plots showing 
u - ( :;) ~ for the long side and v - (:Z) .;.,:_ for the short side (Figure 7.1). lt is 
seen that the panel edge distorts slightly along its length, and this distortion Is minimised 
awey from the loaded positions. A typical displacement plot, Figure 7.2 shows the 
apparently straight edges of the loaded panel. 
The most likely reason for the variations in the results referred to above is that shear lag 
effects led to local peaks in the shear strains calculated at the loaded nodes and when 
results were calculated away from these nodes they become closer to theoretical predictions, 
although this effect should have been mitigated to some extent by the substantial beams 
around the perimeter. 
Unfortunately it was not possible during this research to perform some actual rig tests to 
measure the shear deflection on a corrugated panel. Often such tests are carried out and 
deflections are recorded at the corner where the loads are applied. lt would be Interesting 
to apply the observations recorded in (2) above to a real panel to see if similar results could 
be achieved. 
The Isotropic elements were then replaced with the PAFEC 36215 ORTHOTROPIC elements 
to create a plane orthotropic model. However, initially the data In the ORTHOTROPIC 
MATERIAL and LAMINATES modules was set to produce isotropic characteristics (see 
Appendix F). Loading the panel as In case 4 of Table 7.1 the results (case 6) are shown to 
be identical to the 3621 0 elements, thereby confirming their accuracy and correct usage. 
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1
, Determination of Apparent Shear Modulus of Corrugated Panel 
. -
The next stage was to repeat the above test using a corrugated panel. A similar model was 
created using the 20 mm deep symmetrical trapezoldal corrugations used previously (Figure 
6.1). Loads were applied as in case 4 of Table 7.1. Beams were applied around the 
perimeter along both surfaces of the corrugated edges. Another model was created with the 
beams along one surface only. In all cases the beams were hinged at the corners, as 
before. In order to allow for the out-of-plane bending of the lntennediate corrugation 
surfaces it was necessary to use isotropic ~hen· elements, Initially type 44300. Figure 7.3 
shows the displaced shape. Again, whilst the edges are apparently straight, closer 
examination showed them to vary In a similar manner to the plane panel (Figure 7.1). 
Although the loads were applied In a single (x, y) plane it was noticed that there were small 
out-of-plane (z) deflections occurring In the analysis due to the one-sided nature of the 
corrugations relative to the plane of the beams. At this stage it was decided to 
experiment on the double beam model to determine what factors affected the shear strain, 
y. The results are summarised in Table 7.2. 
An effective value of the Shear Modulus G8 Is calculated from G0 a T where T Is the y 
nominal shear stress In the corrugated panel calculated using the total cross sectional area, 
le as each panel contains seven full corrugations each with a developed length of 164.7 mm 
and a thickness of 2.5 mm, 
T = 1 x 1o& = 347N/mm2 
164.7 x7 x2.5 
This corresponds to the specification of thickness In the orthotropic properties (see Appendix 
F) given by the ratio of the developed length divided by the nominal length Qe the 'smeared' 
thickness). 
• 
Again, as this is a linear analysis the magnitude of the stress Is not Important. 
it Is noticed that the smaller beam section around the perimeter produces virtually Identical 
values of Ge and y to the values with the greater section. This must be coincidental as it 
can be seen that the final value of y = 6.1 o x 1 o-a is approached as the factors are applied 
which bring the model more into line with case 5 of Table 7.1. The final verification occurs 
when the reciprocal of G8 , which is the SHXYtenn in the ORTHOTROPIC.MATERIAL module 
(Appendix F) Is inserted Into the orthotropic model, and when loaded produces an Identical 
value of y to that above. 
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I Use of Orthotroplc Elements In Locomotive Bodyslde Model 
I ---- -----· ·---------. 
-
lt was now possible to go back to the locomotive bodyside model, replace the panels with 
orthotropic elements containing the above properties (for example) and determine what effect 
this has when compared to the original model. Firstly, a natural frequency analysis 
compared the frequency of vibration of the first three mode shapes, a~hough in practice it 
Is only the first mode which Is Important. These are summarised in Table 7.3. 
lt Is clear that whilst the frequencies of the orthotroplc models are slightly lower than those 
of the equivalent plane panel, there is no significant difference, particularly In the first mode 
of vibration for either the single or the double beam case. This Implies that whilst there is 
a significant difference between the shear stiffness of the plane and the corrugated panels, 
this effect Is negligible when compared to the stiffness of the structure as a whole. The 
variation between the frequencies of the plane model and the single beam model, greatest 
In the third mode, show that with the decrease In wavelength the greater shear stiffness of 
the plane panel has more effect on the overall stiffness. 
The effect of the orthotropic panels on beam stresses was also considered. If all the panels· 
were replaced with orthotroplc elements modelling the trapezoidal corrugation restrained 
along both parallel edges, then for the proof loadcase which Involves supporting the 
locomotive at its lifting points, with bogies attached and the whole being subject to a 
downward gravitational acceleration of 1.1 g, there is a nominal increase of 4.8% In the axial 
stress (due to bending) In the cantrail. 
lt has been shown previously (Table 6.3) that the buckling stress for corrugated panels Is 
several times that of an isotropic panel of the same dimensions, by on average, for the 
chosen sections a factor of fifteen. Therefore since the Isotropic panels were designed not 
to buckle under the proof loadcases (Chapter 6) the corrugated panels will also prevent 
buckling. 
To conclude, it has been shown that it Is possible to construct a finite element model of an 
arbitrary section of corrugated panel and by applying suitable loads and restraints, determine 
its shear stiffness characteristics. Then, using orthotropic elements it has been possible to 
compare the vibration and frame stresses of a locomotive fitted to corrugated panels with 
one fitted with equivalent plane panels. There was not found to be any significant difference 
between the two, for the example chosen. However, as this may not always be the case the 
technique Is available to compare different forms of corrugation on a given structure. For 
a structure which is inherently very stiff, the form of corrugation would be dictated more by 
aesthetic or manufacturing requirements, but for a more flexible structure considerations 
should be given to a ribbed panel, so as to retain more of the original stiffness of the plane 
panel. 
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Loads Applied in Varying Configurations 
~F LOADING ~CORNEii GcoRNER G~EE 'tt_ Gt. Gt:. ELEMT. ~ G TYPE 
F. t F, 
I 
-o_!. 4·SO 7S·6 0·94 4·09 8"3·1 I· o-= "36"300 
F;l 
F;l 
2 o-F. 4·SO 7S·6 0·94 4•09 8"3·1 I· 0"3 "36"300 
F. 
- I~; 
Fr Fr 
2 I I 2 
., 
-o-~ £ 4·SO 7S·6 0·94 4·09 8"3·1 I· o- "36"300 
£r I t Fr 
2 2 
F. 
4 OF, 4·09 8"3·1 1·0? 4·SO 7S·6 0·94 "36"300 
Fy 
F.. 
s -11- 4·24 80·2 I· 0 4·66 7"3·0 0·91 "36210 
6 -11-- 4·24 80•2 I· 0 - - - ?621S 
¥ corner calculated using displacements at the corners 
· 0}: calculated using displacements at the mid side nodal positions 
G='r 
-
'{ 
G<:<>~ .. ee = _T.. 
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FIGURE 7.2 Displaced Shape of a Plane Panel in Shear 
TABLE 7.2 
Factors Which Influence the Shear Modulus of a Loaded Corrugated Panel 
44300 NO 90 x 90 x 6.3 RHS 6.14 X 10-3 56.5 x 1oa 
44300 NO 150 x 150 x 10 RHS 5.90 X 10-3 58.8 X 103 
DOUBLE 
BEAM 
44300 YES 150 x 150 x 10 RHS 5.94 X 10-3 58.4 x 1oa 
44210 YES 150 X 150 x 10 RHS 6.10x 10-a 56.9 X 103 
SINGLE 44210 YES 150 x 150 x 10 RHS 9.70 X 10-3 35.8 X 103 BEAM 
Note that these are PAFEC element types. 
44300 is a 4-noded facet shell element with single point integration of in-plane shear terms. 
4421 0 is an 8-noded facet shell element. 
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TABLE 7.3 
Frequency Analyses of Locomotive Bodyslde wHh 3mm Isotropic Panel and Orthotroplc 
Panel of the Same Weight. Frequencies are In Cycles per Second. See Figure 7 A for 
Mode Shapes. 
1 8.93 8.66 0.97 8.78 0.98 
2 14.69 13.89 0.95 14.48 0.99 
3 27.62 25.34 0.92 26.72 0.97 
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CHAPTER 8 
Corrugation Termination Using Curved Thin-Shell Elements 
In order to function as a load bearing structural component, a panel needs to be adequately 
attached along its edges. This applies whether the pan ells plane or corrugated. In the case 
of a locomotive bodyslde this junction also has to be weatherproof. Therefore, the problem 
that arises with a corrugated panel is how to finish the ends. One method Is simply to run 
the panel up to a vertical pillar and weld the two together, but this may cause problems as 
the panel has to be an exact f~. A more satisfactory solution Is to terminate the corrugation 
in the panel, so there will be a short transitional distance over which the corrugation runs 
out, leaving a plane edge to attach to the structure. 
The purpose of this analysis was to model a portion of this corrugation termination and 
examine the stress distribution, particularly In the internal radiused corners. Figure 8.1 
shows a half model of the trapezoidal corrugation which was used in Chapters 6 and 7. The 
elements are thin shell semi-loaf (P AFEC type 4321 o and 4311 0) which allow curved surfaces 
to be modelled. This is unlike the elements used previously, where the Intersections of the 
corrugated surfaces were represented by sharp corners. Since the peak stresses are likely 
to occur in the region of such corners the facet shell element was considered unsuitable for 
this prediction. 
The PAFEC manual warns that the performance of the six noded 43110 triangular element 
is very inferior to the eight noded element. Its purpose In this model Is merely to represent 
the very small area at the corner where three surfaces meet. 
The manual also warns that the 4321 0 element Is to be used with caution, as the analytical 
formulations employed sometimes give rise to spurious displacements. Bonga (1988) 
presents a number of single element stress tests to examine the performance of the eight 
noded semi-loaf element. Excellent results were obtained both with plane elements in shear 
and subject to direct load, but the best accuracy achieved In bending Qncluding nodal 
averaging) corresponded to an error of 16.5%. For stress analysis curved elements in shear 
also produced good results (maximum error 3%) but again the bending tests were subject 
to significant errors. 
The performance In shear of the 4321 o element was examined further by substituting this 
element and the semi-loaf beam element 43310 In the plane and corrugated models used 
in Chapter 7. In the plane panel the resulting values for a: and G were virtually Identical to 
those in Table 7.1, for the 3621 o elements, and similarly the corrugated panel results 
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matched those in Table 7.2 for the 44210 elements. 
Model Description 
The model has dimensions of 75 mm along the corrugation (Z direction) and 70 mm across 
the corrugation (X direction). The finishing angle with the plane surface is 60" and was 
taken from a manufacturer's specification (Ayrshire Metals) for this type of termination. The 
corner radii are 6.25 mm to the middle surface of the 2.5 mm thick plate. 
The corner (node 29, Figure 8.1) may be considered to represent node 592 in the fully 
corrugated panel (Figure 7.3) and the other corners (nodes 1, 8 and 15) similarly represents 
nodes 593, 562 and 563. Thus the model represents the top right hand corner of the panel, 
except that now the corrugation runs down to a plane edge. 
In order to determine the stress distribution in the model, displacements were applied using 
the DISPLACEMENT$. PRESCRIBED module at the above corner nodes which were identical 
to those obtained from the corrugated panel, with the nominal 1 MN shear load applied. 
; Figure 8.2 shows the elemental centroidal principal stresses for the top and bottom surfaces 
' of the model. Principal stresses are used for a fatigue assessment,although Von Mises 
I stresses would be more appropriate for a yield or proof stress criteria assessment. 
In order to ~certain which is the top surface, the elemental topology (node number ordering 
sequence) in the data file is compared with the node numbers on each element. The first 
node to the second defines the local X direction and the first node to the third defines the 
local Y direction. The direction of the local Z axis conforms to a right hand axis set Thus 
the top surface falls on the positive Z side of the element. Note that the local axes directions 
are Independent of the global directions (which contain the nodal co-ordinates and forces). 
In this model the visible surface Is the bottom surface, therefore, the top surface represents 
the inside face of the corrugation. 
Initially the model was created with a coarse mesh density. When this model ran correctly 
the elements were each sub-divided Into four smaller elements. This produced the model 
shown In Figure 8.1. The double curvature region at the top corner was most conveniently 
modelled using triangles, although the thickness to size ratio Is large for thin shell theory to 
be appropriate. 
The peripheral beam elements running along the two straight edges are not shown. lt was 
felt that the present model achieved the reasonable balance between providing sufficient 
data to give the overall stress distribution and the run time. 
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P AFEC will allow the principal stresses to be displayed graphically in contour form, or as 
vectors. Care needs to be taken with vectors when they are superimposed on sloping 
surfaces as the vector length is dependent on the direction of viewing. Contours are useful 
to highlight areas of peak stress, but the centroidal stresses presented in Figure 8.2 are the 
most reliable and therefore useful for presenting the overall stress distribution. The 
centroldal stresses were extracted manually from phase 9 of the PAFEC solution files, 
obtained by Inserting STRESS In the Control Module. Some other FE systems such as 
Nastran will display this information directly. 
Interpretation of Results 
The stresses obtained were due to a nominal shear load of 1 MN acting along a section of 
panel representing half the depth of a locomotive bodyslde. 
On a typical locomotive (Brush Electrical Machines Class 60) the maximum applied shear 
load occurs under the 1.1 g vertical lift loadcase. With a locomotive weight of 126 tonnes the 
load at each lifting point will be 340 kN. Assuming this Is distributed evenly along the 
adjacent panel depth, each half will take 170 kN. Thus the stresses are multiplied by 170 
x 103/1 x 106, le by 0.17 to obtain the lift case stresses. Similarly the factor for the vertical 
fatigue loadcasewith a range of 0.6g (from 0.7 to 1.3g) applied to the body only (78 tonnes) 
Is 0.05739. 
The maximum recorded stress Is 327 N/mm2 (element 43) and the minimum stress is -339 
(element 1 02). These correspond to stresses of 56 and -58 N/mm2 for the lift case and 19 
and -19.5 N/mm2 for the fatigue loadcase. lt is noted that these stresses are local peaks 
when compared to the overall stress distribution. The yield stress for the material Is 170 
N/mm2• The manufacturing process used to form the corrugated panel will have caused 
residual stresses adjacent to the folded edges, which may be as high as half the yield stress. 
Therefore, the applied (or working) stress should not exceed half yield In order for the total 
stress to be within the yield stress. The calculated stresses are of the order of 34% of yield 
for the proof case and 11 % for the fatigue stress range and therefore, failure along the 
formed edges is unlikely. However, although centroldal stresses were used for these figures 
the modelling in the region of the double curvature area at the top corner is difficult and 
therefore the results In this region should be treated with caution. Along the two straight 
edges where the panel would be fiXed to the structure the stresses were found to be 
significantly lower. 
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CHAPTER 9 
Cost and Design Implications 
Cost Implications 
Using the Brush Electrical Machine's Class 60 locomotive as an example, the material cost 
Is compared between plane and corrugated bodysldes. The corrugation chosen is the 
trapezoldal shape used In Chapter 6, which Is a standard form available from Ayrshire Metal 
Products Plc, Scotland. 
The required material specification Is to BS 1449 Pt 11972 BHR 43/25. Plane 3 mm sheets 
currently (1990) cost £11.10 per square metre. The 2.5 mm corrugated sheeting to give the 
same weight) are £31.82 each for a standard size 3,000 x 990 mm, which Is the equivalent 
of £1 o. 71 per square metre. Sixteen sheets are required for each structure compared with 
46.27 m2 of plane material (which Includes an allowance of 20% for wastage). 
The material costs for one locomotive structure are:-
Plane sides (3 mm) 
Corrugated sides (2.5 mm) 
£513.60 
£509.12 
These figures are seen to be virtually Identical. 
The comparison does not allow for the increased cost of joining two corrugated panels end 
to end where necessruy, or for the run out at the ends of the panels (see Chapter 8) If that 
were the chosen method of finishing the corrugations. Also, the above cost Is for a standard 
section, it Is probable that a custom rolled profile would be required for aesthetic or spatial 
reasons with a subsequent Increase in cost. 
However, this simple estimation reveals that with material costing approximately 25% of the 
rectification costs to achieve an acceptable finish on a plane bodyside, the concept of the 
corrugated bodyside is worthy of serious consideration. 
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Design Implications 
Because corrugated sections may use thinner material than plane panels alternative 
assembly processes (from MIG welding) may become available, such as spot welding. This 
is a rapid and economical method Ideally suited to the attachment of top hat profile Internal 
stiffening members, for example. Effective quality control is necessary to avoid Inadequate 
fusion of the two parts. 
1 Aesthetic considerations demand that the corrugations should run in a horizontal direction. . 
A locomotive is the first visual point of contact with the public, who are the potential 
; customers and it would not present a good image if the appearance resembled that of a 
container. The increased longitudinal stiffness (compared with vertical corrugations) provides 
a stiffer structure to resist the principal loadcases, which involve direct and bending forces · 
applied in the longitudinal direction. Also there are more practical reasons, when travelling 
through automatic washing plant longitudinal corrugations are easier to clean. 
' The pitch and form of the corrugations will also be an aesthetic decision, taking into account , 
the costs and the depth that space requirements will allow. Again, corrugations which are 
! too deep will be difficult to keep clean. 
! 
· The half round or ribbed profile Is frequently used in many of the locomotive industries · 
· around the world at pitches ranging from approximately 100 to 400 mm. Unpainted stainle!:S 
steel clad bodysides more often have the shorter pitches whereas conventional painted steel 1 
sides usually have larger intermediate plane areas. 
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CHAPTER 10 
Conclusions 
The plane steel panel as may be used on a locomotive bodyside is introduced and 
references are made to some of the early work which investigated the shear behaviour of 
such panels. Data has been extracted and included in the form of a short computer 
program {Appendix D) which may be used to calculate the buckling stress for a range of 
panel sizes and thicknesses. The corrugated orthotropic panel is defined {Chapter 1) and 
examples of its use on railway locomotives and rolling stock are described. A similar 
program to the plane panel is included in Appendix E. 
The main reasons why corrugated panels have not been seriously investigated for locomotive 
bodysides in the past is probably due to conservative design practice {the 'its never been 
done that way before• syndrome) and the fact that a corrugated panel is deeper than a plane 
panel, and depending on the form chosen, would require more of the loading gauge (space 
. envelope) to be taken up by the panels leaving less space in the equipment compartments. 
The enhanced appearance of the General Motors build Class 59 locomotives {which are 
privately owned but operate on British Rail track) by the inclusion of shallow swaged ribs in 
the bodyside may lead to future applications. 
Chapter 3 describes the PAFEC Finite Element and PIGS method of analysis which was used 
exclusively for this research. The element types used were mainly isoparametric thin shell 
elements and reference is made to· some work which verffied their accuracy. 
In Chapter 4 a simple model which represents a portion of bodyslde is used with successive 
refined grid sizes to demonstrate shear stress convergence to the finer mesh. A grid size 
of 3 x 3 is shown to have converged and this is used on locomotive bodyside models in 
subsequent chapters. 
Chapter 5 develops the model further to represent hail a locomotive bodyside (symmetry is 
assumed at the centre line) using the Brush Electrical Machine Class 60 design as an 
example. The panel shear stresses are examined for a range of thicknesses under the 
application of the two most stringent proof loadcases; the 2,000 kN buff and the 1.1 g lift. 
The optimum thickness to avoid buckling was shown to be 3 mm. However, as part of a 
weight reduction exercise the panel thickness on the actual design was reduced to 2.5 mm. 
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This necessitated the addition of some extra vertical stiffeners to reduce the panel sizes. The 
effect of the various panel thicknesses (2, 2.5 and 3 mm) on the natural frequency was 
shown not to be significant (Table 5.1}, indicating that the majority of the bodyside stiffness 
is attributed to the substantial solebar and cantrail sections (the lower and upper beams). 
An arbitrary corrugated section was chosen from a range of standard profiles produced by 
Ayrshire Metals Umited to form the basis of the analysis of Chapter 6. The shear buckling 
behaviour of a corrugated pan_el is determined by three constants known as the Plate 
Rigidities. These represent bending about two perpendicular axis and a torsional stiffness. 
A single corrugation FE model was loaded in a manner appropriate to each constant and 
the resulting analytical stiffnesses were compared with theoretical values. Subsequently 
further equivalent single corrugation models were created using different profiles (with the 
same developed length). The results (Tables 6.1 and 6.2) compared well for the constants 
0 1 and 03 (0.96 - 0.98 of theoretical values) but the less accurate values of 02 (0.83 - 1.04) 
were attributed to only using a small number of nodes on the neutral axis to record 
deflections. 
The small differences occurring when comparing values for 0 1 for the trapezoldal model 
(0.98 of theoreticaQ and the rectangular model (0.96 of theoreticaQ were attributed to the 
inherent capability of a particular corrugation form in suppressing anticlastic bending (see 
equations for 010 6.1 and Chapter 6, Conclusions). 
An estimation of the shear buckling stress (Table 6.3) showed that there was a significant 
increase in this value for a corrugated plate when compared to an equivalent isotropic plate. 
The use of the PAFEC ORTHOTROPIC module is introduced in Chapter 7. As this requires 
many parameters an example showing the data used in this chapter is included in Appendix 
F. In order to verify the method of analysis, initially an isotropic model of a portion of 
bodyside was loaded in shear and the displacements used to calculate the Shear Modulus, 
G. The results (Table 7.1) show that the most accurate value was obtained either when the 
corners were loaded and mid-sided nodal displacements were used in the calculation, or 
when the loads were applied at the mid-sides and corner displacements were used. 
Unfortunately, no experimental work has been carried out in this research but it would be 
interesting to see if this technique could be applied to practical testing to reduce any 
difference which may occur between the experimental and theoretically derived Shear 
Modulus. 
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The analysis was repeated with a model of the same size, but with the plane panel replaced 
by a corrugated panel of the same weight, of the form shown In Figure 6.1. The results 
(Table 7.2) show that the value of the Shear Modulus, G closest to the theoretical was 
achieved using 4421 o (eight noded plate) elements with out of plane deflections restrained 
and substantial beams around the perimeter. Analyses were carried out on both single and 
double beam models, which restrained either one or both of the parallel edges. 
The locomotive quarter model used In Chapter 5 was then converted to a corrugated sided 
model by replacing the Isotropic plate elements with PAFEC 36215 orthotroplc elements. 
The results of natural frequency comparisons (Table 7.4) showed there was no significant 
difference between the corrugated and plane panelled models. The stress Increase In the 
cantrall of the corrugated model was only a nominal 4.8% at the locomotive centre line for 
the 1.1 g lift loadcase, despite the effective shear stiffness of the corrugated panels being 
only 68.5% of the plane panels. The procedure has therefore been established for 
examining the effects of corrugated panels on locomotive structures using the Finite Element 
Method. 
The analysis of Chapter 8 introduces the eight noded Semi-loot elements which were used 
to model the curved surfaces of a corrugation termination (Figure 8.1). By applying the 
peripheral dlsplacementS from the corrugated panel analysis of Chapter 7 and using 
appropriate factors the stresses may be obtained for any given loadcase. Peak values were 
of the order of 20% of yield for a proof loadcase and 7% for a fatigue loadcase, Indicating 
that there was not a high stress problem In the transitional region between a corrugation and 
a plane surface. 
The brief cost comparison of Chapter 9 shows there to be little difference between a plane 
and an equivalent corrugated panel in the material costs, and although labour charges would 
be slightly higher they would be unlikely to exceed the high cost of rectification work spent 
on each locomotive (approximately £2,000) to achieve an acceptable finish. 
The design implications are then discussed in the latter part of Chapter 9. The Inclusion of 
corrugations, which should always run horizontally for aesthetic and practical reasons may 
lead to different assembly methods, such as spot welding. 
lt Is felt that the inclusion of swaged corrugations at discrete intervals In the bodysides of 
locomotive structures will not only enhance the appearance but will lead to lower costs In 
post assembly rectification work whilst retaining most of the original stiffness of the plane 
sides. 
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APPENDIX A 
List of Symbols 
a 
b 
D 
I 
I. 
s 
t 
i 
u, v, w 
T 
Tb' T0 
a 
p 
'l 
V 
<I> 
y 
Plate length (x direction) 
Plate width (y direction) 
Shear buckling coefficients (Appendix E) 
Isotropic plate flexural rigidity = Efl 
12(1 - u2j 
Orthotropic plate flexural rigid~ies 
Young's Modulus (steel = 209 x 103 N/mm~ 
Tangential Modulus 
Applied force 
Shear Modulus (steel = 80.4 x 1 03 N/mm~ 
Second moment of area about neutral axis 
Second moment of area per unit length 
Shear buckling coefficients 
Half wavelength of corrugation 
Bending moment 
Shear stress resu~ant = T t 
Developed length of 10 
Plate thickness 
Equivalent plate thickness (t/f = IJs) 
Displacements in x, y, z directions 
Plate aspect ratio = b/a 
Edge restraint factor (e = o for simply supported, e = .. for clamped 
edges) 
Shear Stress 
Buckling or critical shear stress 
Direct stress 
Density (steel = 7.86 x 1 o-s kg/mm:; 
Plasticity coefficient (Appendix G) 
Poisson's ratio (steel = 0.3) 
Radial displacement 
Shear strain 
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APPENDIXC 
Properties of the corrugated sections used In Chapter 6. All the forms have the same 
wave length and developed length. 
Page 
Corrugation Form 
Trapezoidal 68 
Rectangular 69 
Circular Arc 70 
Triangular 71 
Properties were calculated using the Thinwall program available for use in the Transport 
Technology Department at Loughborough University of Technology. 
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Section Properties 
Area = 411.8034 
Centroidal Location 
XC = 69.99999 
YC = 10 
W.R.T. Centroidal Axes 
IXXC = 33894.68 ~~ ,_ 
IYYC = 647937.4 
IXYC = 0 
GJZZ = 6.932024E+13 
JZZ = 857.9238 
Principal Inertias and Angle 
Iuu = 33894.69 
Ivv = 647937.4 
. THETA = 0 
Weight = 3.236774E-03 
Shear Center 
EX = 70 
EY = 25.36994 
Warpcnst = 1.272612E+07 
Input Data 
N,1,0,0 
N,2,30,0 
N,3,40,20 
N,4,100,20 
N,5,110,0 
N,6,140,0 
S,6,5,2.5,1 
S,5,4 
S,4,3 
s,3,2 
S,2,1 
M,1,80.8E3,7.86E-6 
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RECTCOR 
Section Properties 
Area = 412 
Centroidal Location 
XC = 70 
YC = 6.2 
W.R.T. Centroidal Axes 
IXXC = 14430.72 
IYYC = 647649 
IXYC = 0 
GJZZ = 6.935334E+07 
JZZ-= 858.3334 
Principal Inertias and Angle 
Iuu = 14430.75 
Ivv = 647649 
THETA = 0 
Weight = 3.23832E-03 
Shear Center 
EX = 70 
EY = 15.86309 
WarpCnst = 7111170 
Input Data 
N,1,0,0 
N,2,35,0 
N,3,35,12.4 
N,4,105,12.4 
N,5,105,0 
N,6,140,0 
s,6,5,2.5,1 
s,5,4 
S,4,3 
s,3,2 
S,2,1 
M,1,0.0808,7.86E-6 
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y 
CURVCOR 
Section Properties 
Area = 411.0511 
Centroidal Location 
XC = 70.00001 
YC = 9.830331 
W.R.T. Centroidal Axes 
IXXC = 45159.44 
IYYC = 623307.8 
IXYC = 0 
GJZZ = 6.919359E+07 
JZZ = 856.3565 
Principal Inertias and Angle 
Iuu = 45159.44 
Ivv = 623307.8 
THETA = 0 
Weight = 3.230861E-03 
Shear Center 
EX = 70 
EY = 26.58145 
WarpCnst = 1. 9624 72E+07 
Input Data 
N,1,0,0 
N,2,35,0 
N,3,39.9,10.75 
N,4,47.96,19.37 
N,5,58.36,24.94 
N,6,70,26.86 
s,6,5 
s' 5', 4 
S,4,3 
S,3,2 
S,2,1 
X 
' 
N, 7, 81.64,24.94 
N,8,92.04,19.37 
N,9,100.1,10.75 
N,10,105,0 
N,11,140,0 
M,1,0.0808,7.86E-6 
S,11,10,2.5,1 
S,10,9 
S,9,8 
s,8,7 
S,7,6 
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TRICOR 
Section Properties 
Area = 412.1181 
Centroidal Location 
XC = 70 
YC = 9.205832 
W.R.T. Centroidal Axes 
IXXC = 46168.82 
IYYC = 597087.8 
IXYC = 0 
GJZZ = 6.937322E+07 
JZZ = 858.5794 
Principal Inertias and Angle 
Iuu = 46168.81 
Ivv = 597087.8 
THETA = 0 
Weight = 3.239248E-03 
Shear Center 
EX = 70 
EY = 22.42362 
WarpCnst = 1.84354E+07 
Input Data 
N,1,0,0 
N,2,35,0 
N,3,70,32 
N,4,105,0 
N,5,140,0 
S,5,4,2.5,1 
S,4,3 
s,3,2 
S,2,1 
M,1,0.0808 ,7.86E-6 
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APPENDIXD 
Program to calculate the Buckling Stress In Plane Isotropic Steel Panels. For sample 
of results refer to Table 5.1. 
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FOR FLAT PLATES IN SHEAR (REF. R.A.S. DATA SHEET 02.03.01) 
76 
L 
V 
V 
/ 
V 
parted 
1.0 
c· 
c 
1MECH18S001 27/7/88 
C This program calculates the buckling stress in shear for plane 
C isotropic steel panels. The program has the options of (1) all edges 
C simply supported, (2) all edges fixed, (3) average of (1) and (2). 
C Option (3) is considered suitable for welded steel panels. 
C The curve used to determine K is a quartic of the form 
C y = A + Bx + Cx2 + Dx3 + Ex4. 
C Curves obtained from the Royal Aeronautical Society 
C data sheet 02.03.01 (second issue). 
c 
Input Data:-c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
Customer will appear in output as FLAT PLATE SHEAR BUCKLING STRESS 
ANALYSIS FOR CUSTm!ER 
J 
T1 T2 •• TJ 
N 
A1 B1 
A2 B2 
AN BN 
Number of different panel thicknesses, 
Panel thickness (MM) 
Number of panels, min 1, max 50 
Panel dimensions (whole numbers of MM) 
A MUST be greater than B 
min 1, max 5 
DIMENSION T(5) ,A( 50) ,B(50) ,BOA( 50) ,K(50) ,TORB(50), 
1IDATE(3),ITIME(3) 
c 
CHARACTER*39 CUSTOMER 
REAL K 
INTEGER A,B 
E = 209.0E3 
READ(9,5) CUSTOMER 
5 FORMAT(A39) 
CALL DATE (IDATE,IERR) 
CALL TIME (ITIME,IERR) 
C SETTING UP OUTPUT HEADINGS 
WRITE(12,105) IDATE(3),IDATE(2),IDATE(1),ITIME,CUSTOMER 
105 FORMAT( '1 ' , / /9X, 'Date ••• ' ,2( 12, ' : ') ,14, 10X, 'Time ••• ' , 2 ( 12, ' : ') , 
112,//,9X, 'Flat Plate Shear Buckling Stress Analysis For ',A40) 
c 
C READING DATA FROM DATA FILE 
READ(9 ,*) J 
READ(9,*) (T(L),L=1,J) 
READ(9,*) N 
DO 10 I=1,N 
10 READ(9,*) A(l),B(l) 
c 
C INPUT THE TYPE OF PANEL FIXING REQUIRED 
WRITE(10,*) 'Do you want simply supported (1), all sides fixed (2) 
1, or an average (3) ?' 
READ(11,*) !TYPE 
GO TO (1000,2000,3000) !TYPE 
1000 WRITE(l2,*) ' Panel treated as Simply Supported' 
GO TO 51 
2000 WRITE(l2,*) ' Panel treated as Fully Fixed' 
GO TO 51 
3000 WRITE(l2,*) ' Panel treated as the average between Simply 
n 
1 Supported and Fully Fixed' 
51 DO 420 L=1,J 
WR1TE(12,100) T(L) 
100 FORMAT(//,9X,' Plate Thickness ',F4.2,' mm',/) 
WR1TE(l2,*) ' A B BOA K Buckling Stress(N/mm2)' 
GO TO (20,30,40) !TYPE 
c 
C CALCULATIONS FOR SIMPLY SUPPORTED PANELS 
20 DO 120 I=l,N 
BOA (I) =fLOAT (B(I)) /fLOAT (A(I)) 
K(I)=4.812+(0.8947*BOA(I))+(2.864*BOA(I)**2.0)-(2.234*BOA(1)**3.0) 
1+(2.04*BOA(I)**4.0) 
TORB(l)=(E*K(I)*T(L)**2.0)/ fLOAT (B(I}**2.0) 
WRITE(12,200) A(l),B(I),BOA(l),K(I),TORB(I) 
200 FORMAT(/,9X,l4,2X,I4,2X,FS.3,2X,FS.l,2X,F6.1) 
1F(BOA(I).LE.1.0) GO TO 120 
WRITE(12,*)' ABOVE VALUE IS SUSPECT; CHECK A IS GREATER THAN B' 
120 CONTINUE 
GO TO 420 
c 
C CALCULATIONS FOR FULLY FIXED PANELS 
30 DO 220 I=1,N 
JBOA (I) =fLOAT (B(I)) I fLOAT (A(I)) 
K(I)=8.15+(0.0731*BOA(I))+(5.6 *BOA(I)**2.0)-(2.22 *BOA(I)**3.0) 
1+(1.79*BOA(I)**4.0) 
TORB(I)=(E*K(I)*T(L)**2.0)/ fLOAT (B(I)**2.0) 
WRITE(12,300) A(I),B(I),BOA(I),K(I),TORB(I) 
300 FORMAT(/,9X,I4,2X,I4,2X,FS.3,2X,FS.l,2X,F6.1) 
IF(BOA(I).LE.l.O) GO TO 220 
WRITE(12,*)' ABOVE VALUE IS SUSPECT; CHECK A IS GREATER THAN B' 
220 CONTINUE 
GO TO 420 
c 
C CALCULATIONS FOR THE AVERAGE OF THE TWO ABOVE CONDITIONS 
40 DO 320 I=1 ,N 
BOA (I) =fLOAT (B(I)) I fLOAT (A(I)) 
K(l)=6.112+(3.70*BOA(I))-(4.118*BOA(I)**2.0)+(5.203*BOA(I)**3.0) 
1+(0.45*BOA(I)**4.0) 
TORB(I)=(E*K(I)*T(L)**2.0)/ fLOAT (B(I)**2.0) 
WRITE(l2,400) A(I),B(I),BOA(I),K(I),TORB(I) 
400 FORMAT(/,9X,I4,2X,I4,2X,FS.3,2X,F5.1,2X,F6.1) 
IF(BOA(l).LE.l.O) GO TO 320 
WRITE(l2,*)' ABOVE VALUE IS SUSPECT; CHECK A IS GREATER THAN B' 
320 CONTINUE 
420 CONTINUE 
STOP 'OK' 
END 
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APPENDIX E 
Program to calculate the Overall Buckling Stress In Infinitely long Orthotroplc Steel 
Plates. 
-
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C TMECH19S001 
c 
C This program calculates the bucklin~ stress in shear for infinitely 
C long orthotropic steel plates. The equations calculate the shear bucklin 
C coefficient Ks (using approximations) according to data first 
C produced by Seydel in 1930. The results are less accurate for short 
C plates (but conservative) and are therefore considered adequate for 
C most design purposes. 
c 
c 
c 
c 
c 
c 
c 
Input Data:-
Customer will appear in output as ORTHOTROPIC 
STRESS ANALYSIS FOR CUSTOMER 
C T 
c D1,D2,D3 
N c 
PLATE SHEAR BUCKLING 
c B1 
Panel thickness (mm) 
Orthotropic Plate Rigidities 
Number of panels, min 1, max 50 
Panel Breadth (whole numbers of mm) 
c 
c 
c 
c 
B2 
BN 
DIMENSION B(SO), 
1IDATE(3),ITIME(3) 
CHARACTER*39 CUSTOMER 
REAL KS,KS1,KS2,KS3 
INTEGER B 
E = 209.0E3 
PI= 3.14159 
READ(9,10) CUSTOMER 
10 FORMAT(A39) 
CALL DATE (IDATE,IERR) 
CALL TIME (ITIME,IERR) 
C SETTING UP OUTPUT HEADINGS 
WRITE(12,20) IDATE(3),IDATE(2),IDATE(1),ITIME,CUSTOMER 
20 FORMAT( '1 ',//9X, 1 Date ••• ' , 2(I2,': 1 ) ,I4,10X, 'Time ••• ' ,2(I2,': ,·), 
c 
1I2,//,9X,'Orthotropic Plate Shear Buckling Stress Analysis For ' 
2A40) 
C READING DATA FROM DATA FILE 
READ(9,*) T,D1,D2,D3,N 
DO 30 I=1,N 
30 READ(9,*) B(I) 
THETA = SQRT(D1*D2)/D3 
c 
C INPUT THE TYPE OF PANEL FIXING REQUIRED 
WRITE(10,*) 'Do you want all sides simply supported (1),or all 
1 sides fixed (2) ?' 
READ(11,*) ITYPE 
GO TO (40,50) ITYPE 
40 WRITE(12,*) ' Panel Treated as Simply Supported' 
GO TO 60 
50 WRITE(12,*) ' Panel Treated as Fully Fixed' 
81 
GO TO 70 
C CALCULATIONS FOR SIMPLY SUPPORTED PANELS 
60 CONTINUE 
'WRITE(l2, 94) T 
94 FORMAT(/,8X,' Plate Thickness ',F4.2,' mm',/) 
WRITE(12,*) ' Breadth Ks Buckling Stress(N/mm2)' 
IF (THETA.LT.1.0) GO TO 66 
00 63 I=1 ,N 
KS1 = 3.28 + (2.41/THETA) - (0.449/(THETA*THETA)) 
KS2 = (0.108/(' THETA*THETA*THETA)) 
KS3 = (0.011/(THETA*THETA*THETA*THETA)) 
KS = KS1 + KS2 - KS3 
TORB = KS * PI * PI* (SQRT(SQRT(D1 * D2 * D2 *D2)))/ 
1(T* FLOAT (8(1)**2)) 
WRITE (12,90) B(I),KS,TORB 
63 CONTINUE 
GO TO 100 
66 DO 68 I =1,N 
KS = 4.75 -0.0467 *THETA +1.07 *THETA *THETA 
1 -0.433 *THETA *THETA *THETA 
TORB =KS *PI *PI *SQRT(D2 *D3)/(Tt FLOAT (8(1)**2)) 
WRITE (12,90) B(I),KS,TORB 
68 CONTINUE 
GO TO 100 
C CALCULATIONS FOR FULLY FIXED PANELS 
70 WRITE(12,104) T 
104 FORMAT(/,8X,' Plate Thickness' ,F4.2,' mm',/) 
WRITE(12,*) ' Breadth Ks Buckling Stress(N/mm2)' 
IF (THETA.LT.1.0) GO TO 74 
DO 72 I =1,N 
KS =6.1 +3.18/THETA -(0.339/THETA **2) +(0.0471/THETA**3) 
1 -(0.0037/THETA**4) 
TORB = KS *PI* PI* (SQRT(SQRT(D1 * D2 * D2 *D2)))/ 
1 (T* FLOAT (8(Il**2)) 
WRITE(12,90) B(I),KS,TORB 
72 CONTINUE 
GO TO 100 
74 DO 76 I =1,N 
KS a7.53 +0.0683*THETA +2.66 *THETA*THETA -1.28*THETA*THETA*THETA 
TORB =KS *PI *PI *SQRT(D2 *D3)/(T* FLOAT (8(1)**2)) 
WRITE (12,90) B(l),KS,TORB 
76 CONTINUE 
80 FORMAT(/,8X,' Plate Thickness ',F4.2,' mm',/) 
90 FORMAT(/ ,9X,I4,6X,FS.1,4X,E9.3) 
100 CONTINUE 
STOP 'OK' 
END 
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APPENDIX F 
Example Data Modules for Orthotroplc Elements 
C These modules were used for the analysis of Chapter 7. 
C The element type Is 36215. 
C This module gives the same properties as element type 3621 o ie Isotropic. 
C The units are Newtons and Metres. 
ORTHOTROPIC.MATERIAL 
Number SXX SYY SZZ SHXY SHVZ SHZX RO 
1 4.762E-12 4.762E-12 4.762E-121.238E-11 
* 1.238E-11 1.238E-11 7860 
c 
LAMINATES 
NUMBER ORTHO LOWER UPPER 
1 1 -0.0015 0.0015 
c 
c This module gives the properties of the 20 mm deep trapezoidal corrugation shown In 
C Figure 6.1. 
c 
ORTHOTROPIC.MATERIAL 
NUMBER SXX SYY SZZ SHXY SHVZ SHZX RO 
1 5.602E-12 4.762E-12 4.762E-12 1.75E-11 
* 1.238E-11 1.238E-11 7860 
c 
C Laminates Modules as above 
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APPENDIXG 
Formulae for Critical Shear Stress In Orthotroplc Plates 
Critical shear stresses in orthotroplc plates of infinite length. 
K, Is obtained from the graph Figure E.1. Rigidity constants 0 1-3 are calculated using 
equations 6.1. 11 is unity for pre-buckling analysis. For post-buckling, 11 = Et/E ('1 < 1) 
is recommended as conservative design practice. The computer program, Appendix E uses 
the following expressions:-
D, 
.--
b 
f l 
00 
2 D 
"--
D r--' I 
b 
r l 
D 2 00 
L-
The above information was obtained from Bell Aircralt (1961). 
,;o, · 0:! < 1.0 
Os 
T X. "2 
.....!!!. = -- JD:! . Ds 
'1 tb2 
,;o, · 0:! > 1.0 
Ds 
T.,. a X. "2 4/D. • 0: 
'1 tb2 V 1 
.;~ 0:! < 1.0 
s 
Note that in some literature the constant C8 or Cb is used instead of J<,. These are related 
by the expression 
K _ 4Ca s---
"2 
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